Randomized controlled trials (RCTs) are the gold standard for assessing the efficacy of therapeutic interventions because randomization protects from biases inherent in observational studies. Propensity score (PS) methods, proposed as a potential solution to confounding of the treatment -outcome association, are widely used in observational studies of therapeutic interventions for acute coronary syndromes (ACS). We aimed to systematically assess agreement between observational studies using PS methods and RCTs on therapeutic interventions for ACS.
Aims
Randomized controlled trials (RCTs) are the gold standard for assessing the efficacy of therapeutic interventions because randomization protects from biases inherent in observational studies. Propensity score (PS) methods, proposed as a potential solution to confounding of the treatment -outcome association, are widely used in observational studies of therapeutic interventions for acute coronary syndromes (ACS). We aimed to systematically assess agreement between observational studies using PS methods and RCTs on therapeutic interventions for ACS.
Methods and results
We searched for observational studies of interventions for ACS that used PS methods to estimate treatment effects on short-or long-term mortality. Using a standardized algorithm, we matched observational studies to RCTs based on patients' characteristics, interventions, and outcomes ('topics'), and we compared estimates of treatment effect between the two designs. When multiple observational studies or RCTs were identified for the same topic, we performed a meta-analysis and used the summary relative risk for comparisons. We matched 21 observational studies investigating 17 distinct clinical topics to 63 RCTs (median ¼ 3 RCTs per observational study) for short-term (7 topics) and long-term (10 topics) mortality. Estimates from PS analyses differed statistically significantly from randomized evidence in two instances; however, observational studies reported more extreme beneficial treatment effects compared with RCTs in 13 of 17 instances (P ¼ 0.049). Sensitivity analyses limited to large RCTs, and using alternative meta-analysis models yielded similar results.
Conclusion
For the treatment of ACS, observational studies using PS methods produce treatment effect estimates that are of more extreme magnitude compared with those from RCTs, although the differences are rarely statistically significant.
-----------------------------------------------------------------------------------------------------------------------------------------------------------

Keywords
Observational studies † Randomized controlled trials † Acute coronary syndromes † Myocardial infarction † Unstable angina † Propensity score Introduction Acute coronary syndromes (ACS), including acute myocardial infarction (AMI) and unstable angina (UA), are major causes of morbidity and mortality in the USA. 1 Many treatments for ACS have strong evidentiary support from randomized controlled trials (RCTs) and meta-analyses of RCTs. However, the conduct of RCTs is costly and often inefficient due to the large number of participants needed to estimate treatment effects with adequate precision. 2 Furthermore, conducting RCTs may not be feasible or even ethical for all clinical questions of interest, and restrictive selection criteria can limit the external validity of their results. 3 Observational studies are often a practical alternative to efficiently obtain estimates of the effectiveness of treatment in nonexperimental, routine-care settings. Nonetheless, the lack of randomization and other RCT design elements renders observational studies susceptible to biases, including confounding (and particularly confounding by factors that affect treatment choice and are also causally associated with the outcome), selection, and differential ascertainment bias. 4 Because of the efficiency gains potentially afforded by analyses of observational data, several comparisons of treatment effect estimates obtained from observational studies and RCTs have been performed, generally suggesting that the results of different designs are in moderate agreement. 5 -8 Although these seminal empirical investigations provided useful insights into the frequency and magnitude of disagreements between study designs, 9 they often relied on collections of studies with heterogeneous patient populations, interventions, and analytical designs. Since the publication of these empirical comparisons, modern statistical methods allowing robust inference on treatment effects have been increasingly employed in the design and analysis of observational studies. In theory, the application of these methods should result in greater agreement between observational studies and RCTs. Proposed as a potential solution to the problem of confounding of the treatment -outcome association, a propensity score (PS) expresses the probability of having been treated with an intervention based on variables measured at or before the time of treatment. 10, 11 Analyses using PS methods attempt to emulate randomized comparisons because they allow contrasts between patient groups that are on average similar on all observed confounders; however, PS methods cannot adjust for unmeasured confounding. 3, 12, 13 The literature on ACS offers a unique opportunity for assessing agreement between RCTs and observational studies using PS methods because of the abundance of studies of both designs and the availability of multiple competing interventions for the treatment of these conditions. Clinical practice guidelines use observational studies employing PS methods as a basis for some of their recommendations, particularly when no randomized evidence is available, 14 and authors of observational studies using PS methods often perform informal comparisons of their results against RCT results; 15 however, no systematic comparison of these two lines of evidence has been performed. In order to qualitatively and quantitatively assess the agreement between observational studies using PS methods and RCTs in the field of ACS therapeutics, we performed a systematic comparison of treatment effect estimates derived from these two designs.
Methods
Additional details of our methods for identifying observational studies and matching RCTs are presented in the Supplementary material online.
Identification and selection of observational studies
We searched Medline (through 11 February 2011) to identify studies using PS methods to obtain estimates of treatment efficacy for therapeutic interventions administered to patients with ACS. ACS was defined as AMI [ST-elevation myocardial infarction (STEMI) or non-STEMI (NSTEMI)] or UA; we accepted disease definitions as provided by each study. To increase the specificity of the search strategy, we limited our searches to the top 8 journals (by impact factor, Institute of Scientific Information, Thomson Reuters, Philadelphia, PA, USA) in the category 'Cardiac and cardiovascular systems' and to the top 4 journals in the category 'Medicine, general and internal' that publish primary clinical research studies. We screened titles and abstracts to identify studies enrolling patients with an established diagnosis of ACS that used PS to obtain estimates of the efficacy of competing therapeutic interventions.
Two reviewers (I.J.D. and G.D.K.) read potentially eligible studies in full text to determine eligibility; discrepancies were resolved by consensus. Eligible studies had to have an observational design, enrol patients with a diagnosis of ACS, and use PS methods to obtain estimates for treatment effects of therapeutic interventions on mortality. We considered only studies reporting on either short-term (typically within 30 days of ACS diagnosis) or long-term (more than 30 days following ACS diagnosis) mortality because of its clinical importance and the fact that it is less prone to misclassification compared with other outcomes. We classified the interventions investigated into pharmacological and non-pharmacological strategies.
Matching observational studies to randomized controlled trials Two reviewers (I.J.D. and G.D.K.) independently attempted to match each observational study to at least one RCT, based on the interventions, patient populations, and type of mortality outcomes investigated, using a structured approach. Briefly, for interventions, we required that studies examined the same pharmacological or non-pharmacological interventions applied in the same clinical setting; for populations, matching was based on the examination of the same subtype of ACS (STEMI vs. NSTEMI/UA); and for mortality, matching was performed on short-and/or long-term mortality. Demographic or comorbidity characteristics of the examined populations were also considered in the matching process when they represented a selection criterion for the observational study. For example, for observational studies that examined patients with ACS and comorbid chronic kidney disease, we identified RCTs that specifically reported on the same population (ACS in patients with chronic kidney disease), and we also aimed to obtain estimates from subgroups of patients with kidney disease of the same disease stage. Similarly, for angiotensinconverting enzyme (ACE) inhibitors, because PS studies included unselected patients, we only considered RCTs that did not use enrolment criteria based on left ventricular function. Throughout the article, we refer to sets of populations, interventions/comparators, and outcomes as 'topics'.
Evidence from RCTs was identified through the following sources using a stepwise approach: (i) the Cochrane Database of Systematic Reviews; (ii) Medline-indexed meta-analyses; (iii) evidence-based guidelines from the American Heart Association/American College of Cardiologists; (iv) a compendium of medical therapeutics; 16 (v) focused Medline searches to identify eligible primary publications of RCTs; (vi) subgroups of interest from individual patient data meta-analyses of RCTs; (vii) subgroups of interest from single RCTs enrolling at least 1000 patients; and (viii) reference lists of the observational studies to identify any RCT that the study authors had considered comparable with their investigation. We searched these sources successively: we proceeded to a step only if at least one matching RCT was not identified at the previous step. When a relevant meta-analysis was identified, all included trials were retrieved and examined in full text for potential matches; when searches for individual trials were conducted, all trials identified through our searches were considered in full text. Two physicians with training in quantitative methods (I.J.D. and G.D.K.) verified all matches independently and a practicing cardiologist (H.J.) evaluated the final matched set.
Data extraction
For each matched set of observational studies and RCTs, we extracted the following information: study design aspects of the observational studies, sample size, duration of follow-up, statistical analysis methods including the specific approach to using the PS for estimating treatment effects (i.e. whether matching, stratification, regression, and inverse probability weighting were used), and treatment effect sizes for short-term and long-term mortality. Because only three studies reported treatment effect estimates from both regression-based and matched or stratified analyses utilizing the PS, we used the regression estimates for our primary analysis (when available, to ensure consistency) and we performed sensitivity analysis by considering the matched or stratified analysis results.
Assessment of the validity of propensity score-based analyses
Based on previously published surveys of the methodological features of studies using PS methods, 17 -19 we identified a set of items as potentially indicative of the validity of PS-based analyses (provided in Supplementary material online). For each study considered in this review, a single reviewer (R.C.S., J.K.P., M.C., or V.V.) extracted these items, and extraction was verified by a second reviewer (I.J.D. or G.D.K.).
Statistical analyses
To the extent possible, we used the same metric of treatment effectiveness in RCTs and in observational studies. For example, if PS analyses reported odds ratios (ORs) for treatment effects (e.g. from logistic regression models), we extracted or calculated ORs from the RCTs as well; if they reported hazard ratios (HRs, from time-to-event models), we preferred HR estimates from time-to-event analyses of RCTs, when available. For all comparisons, we coined treatment effect metrics (ORs, HRs, or risk ratios), so that estimates lower than 1 indicate benefit (reduction in mortality) for the experimental treatment. For parsimony, in the Results section, we opt to refer to all relative effects metrics as 'relative risks' (RRs); this choice does not affect our results or their interpretation. When multiple observational studies or RCTs were available for a topic, we performed meta-analyses using random-effects models (DerSimonian -Laird) to obtain a summary estimate of treatment efficacy and then used the summary estimate in all comparisons. 20 We used a test for interaction to compare RR estimates from observational studies using PS methods and RCTs. This test compares whether the relative effect size (ratio of the observational study effects to the RCT effects) is significantly different from 1. Relative effect sizes (i.e. relative RRs) lower than 1 indicate that PS-based analyses produced results that were more favourable for the experimental treatment compared with RCTs. We compared how often the direction of the treatment effect estimated from the observational and the randomized study is the same, and we used a binomial (sign) test to evaluate whether a particular design tended to produce favourable results for the experimental treatment more often than would be expected by chance. We also described how often the ratio of the treatment effects in the PS studies over the RCTs was lower than the arbitrary threshold of 0.70 (or larger than the reciprocal, 1.43) indicating large differences in the magnitude of effect estimates, irrespective of statistical significance.
We performed the following sensitivity analyses: (i) we repeated all comparisons by using the single largest study (observational or randomized) instead of meta-analysis estimates for topics where more than one observational or randomized study was available; (ii) we performed a comparison limited to RCTs enrolling at least 1000 participants (mega-trials); and (iii) we repeated the meta-analysis under a fixed-effect model.
All analyses were conducted using Stata version SE/11.2 (Stata Corp., College Station, TX, USA). Statistical significance was defined as a two-tailed P-value less than 0.05 for all comparisons.
Results
Eligible observational studies and matched randomized controlled trials
Our searches for observational studies identified 599 citations, of which 70 were considered to be potentially eligible and were retrieved in full text. Figure 1 presents the search strategy flow along with reasons for exclusion for studies reviewed in full text. Forty-nine observational studies using PS methods were considered eligible for inclusion, of which 21 were successfully matched to 63 RCTs and were considered further.
A median of three RCTs was considered for each topic (from one up to nine). In three topics, more than one observational study using PS was deemed to have investigated the same population and interventions and was matched to the same RCTs (two observational studies for each of the two topics and three for a third topic). Overall, we considered 17 topics in which at least one observational study using PS methods was matched to at least one RCT. Table 1 summarizes the 17 topics considered in this review, and Supplementary material online, Table S1 presents details of the populations, interventions, and comparators included in each study. Briefly, six topics pertained exclusively to STEMI populations, seven exclusively to NSTEMI/UA populations, and four to mixed populations (STEMI and NSTEMI/UA). The treatments investigated included pharmacological interventions [antiplatelet agents (n ¼ 3), ACE inhibitors (n ¼ 1), and lipid-lowering medications (primarily statins and the timing of their administration, n ¼ Comparison of observational studies and randomized controlled trials for long-term mortality Long-term mortality was assessed in 10 of the 17 topics (14 observational studies/43 RCTs). The median duration of follow-up in the examined studies was 12 months (25 -75th percentile: 9 -12). RRs ranged between 0.44 and 0.99 (median ¼ 0.69) for observational studies and between 0.10 and 3.10 (median ¼ 0.77) for RCTs ( Figure 2A) . Estimates from observational studies and RCTs had opposite directions in one topic (choice of IIb/IIIa inhibitors for primary percutaneous coronary intervention). PS-based analyses suggested a greater benefit for experimental treatments compared with RCTs in 8 of the 10 long-term mortality comparisons (sign test P ¼ 0.109). The difference between PS-and RCT-derived estimates was statistically significant in 1 of the 10 topics (exercise rehabilitation for AMI, Figure 2B ).
Comparison of observational studies and randomized controlled trials for short-term mortality Short-term mortality was assessed in 7 of the 17 topics (7 observational studies/20 RCTs). Seventeen studies assessed in-hospital or 7-day mortality, and the remaining studies examined 30-day mortality. RRs ranged between 0.45 and 0.89 (median ¼ 0.62) for observational studies and between 0.10 and 4.12 (median ¼ 0.75) for RCTs ( Figure 3A) . Estimates from observational studies and RCTs had opposite directions in two topics (statin timing for AMI and invasive vs. conservative strategy for NSTE-ACS). PS-based analyses suggested a greater benefit for experimental treatments compared with RCTs in five of the seven short-term mortality comparisons (sign test P ¼ 0.45). The difference between PS-and RCT-derived estimates was statistically significant in one of the seven topics (invasive vs. conservative strategy for NSTE-ACS, Figure 3B ).
Considering both long-and short-term mortality topics combined, there was some suggestion that observational studies tended to report more extreme results in favour of experimental treatments (13 of 17 topics, sign test P ¼ 0.049). In 6 out of 17 topics, the actual point estimates from PS-based analyses implied much more protective effects (ratio of PS-to RCT-based RRs 
Validity of propensity score-based analyses
In general, PS-based analyses did not follow current recommendations for statistical practice (Supplementary material online, Table  S2 ). In all studies that provided data for covariate selection for the construction of the PS model (n ¼ 10), this selection was based on stepwise regression methods rather than pre-existing knowledge of potential confounders of the treatment -mortality association; regression methods (i.e. inclusion of the PS as a covariate in the outcome model) were used in the majority of analyses instead of the recommended matched or stratified analyses (in our main analysis 18 of 21 studies used the PS as a regression covariate). Even when matched analyses were undertaken, the balance between the matched groups was often not assessed, and the applied statistical analyses ignored the paired structure of the samples.
Regression analyses compared with propensity score-based analyses in observational studies
Eleven of the observational studies using PS methods (five for longand six for short-term mortality) reported estimates from multivariable adjustments using regression methods (without the use of a PS). Generally, estimates of the treatment effect from regression analyses were very close to those from PS-based analyses and had overlapping confidence intervals (Supplementary material online, Figure S2 ).
Sensitivity analyses
Analyses based on the single largest study (observational or randomized) for each topic yielded results similar to our main analysis (1 significant discrepancy in the 17 topics, i.e. one of the discrepancies in the main analysis was eliminated by considering only the largest available RCT for invasive strategies in NSTE-ACS reporting on long-term outcomes). One or more RCTs enrolling at least 1000 participants were available in 7 of the 17 topics (2 for short-term and 5 for long-term mortality). In these cases, the results of the mega-trials were significantly different from those of PS-based analyses in two cases (the same discrepancies as in the main analysis). Repeating the meta-analyses using a fixed-effect model (instead of random-effects) also did not materially affect our results: significant discrepancies between the RRs of PS-based analyses and RCTs were observed in 3 of the 17 topics (the 2 that were discrepant in the main analysis in addition to the use of invasive vs. conservative management strategies for NSTE-ACS reporting on short-term mortality). Finally, using estimates obtained from matching or stratification for the three studies that reported results from such analyses (in addition to regression-based estimates using the PS) did not affect our results (no additional discrepancies were observed).
Discussion
Summary of key findings PS methods have been described as the observational study analogue of randomization in clinical trials, when all important confounders are accounted for in the PS model. 21 We compared the results of studies using PS methods with those of RCTs in 17 topics covering various therapeutic interventions for ACS. The comparisons of treatment effect estimates for shortand long-term mortality suggest that PS methods and RCTs are often consistent: only in 2 of the 17 comparisons, estimates from observational studies and RCTs were statistically significantly different. However, there was a substantial difference in the magnitude of the effect sizes (ratio of the PS-to RCT-based RRs lower than 0.70) in 6 of the 17 topics. We also found evidence Figure 2 (A) Relative risks from randomized controlled trials (white diamonds) and observational studies using propensity score methods (red squares), reporting on long-term mortality. When more than two randomized or observational studies were available for a topic, estimates were obtained from random-effects meta-analysis. (B) Corresponding relative effect sizes (black squares) comparing the effect sizes from randomized and propensity-based observational studies on long-term mortality. In both panels, extending lines denote 95% confidence intervals of estimates. See Supplementary material online, Table S1 for detailed study-level information. Please see Table 1 for abbreviation definitions.
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that PS estimates systematically overestimate treatment efficacy (P ¼ 0.049). These results were robust to extensive sensitivity analyses. Given the small-to-moderate effect sizes in clinical medicine 22 and the close agreement between PS-based and regression-based estimates, differences between PS-and RCT-derived estimates cannot be ascribed to estimation properties of different PS methods. 23 The conduct of PS-based analyses had relatively limited validity based on our assessment of a set of predefined criteria. In most cases, commonly suggested recommendations for the optimal application of PS methods were not followed. This finding is in agreement with previous assessments of published PS-based analyses 17 -19 and may indicate that PS methodologies are not always optimally applied. Given that non-PS-based analyses tend to show slightly stronger effects compared with PS-based analyses, 24 it is possible that greater methodological rigour would have increased agreement with RCT results. At any rate, such are the data that exist in the literature and are available to clinicians and policy makers. For example, the American Heart Association/American College of Cardiology guidelines consider observational studies using PS methods as a source of evidence for many of their recommendations.
14 Within observational studies, we found that standard multivariable regression analyses were generally in agreement with PS-based analyses. This is consistent with empirical investigations in diverse clinical topics. 18, 24 Simulation studies suggest that PS-based methods and multivariate regression can yield very similar results when there is an adequate number of events per confounder.
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Observational studies may overestimate treatment effects
Although PS-based analyses and RCTs produced results that were statistically consistent, the discrepancies in specific cases (all pertaining to non-pharmacological interventions) cannot be ignored. Moreover, the point estimates of the relative effect sizes comparing treatment effects in observational studies vs. RCTs were often far from the null, despite being statistically non-significant. We found evidence that observational studies reported more Table S1 for detailed study-level information. Please see Table 1 for abbreviation definitions.
extreme treatment effects. Several potential explanations for such discrepancies exist. First, studies may have enrolled populations with different underlying characteristics, not captured by our matching algorithm. In such case, observational and randomized studies are estimating different underlying parameters, and any discrepancies cannot be used to infer whether one study design is more valid than the other. Secondly, RCTs analyse patients in the group they were allocated to (per the intention-to-treat principle), whereas observational studies by definition perform as-treated analyses. These analytic approaches are fundamentally distinct; their numerical results deviate with increasing number of people who crossover between treatments. For example, in RCTs comparing invasive revascularization with medical therapy, patients in the medical therapy arm may crossover to the revascularization arm for several reasons. Such crossovers can attenuate the treatment effect in RCTs analysed by intention-to-treat (compared with an as-treated analysis) 26, 27 and may partly explain why RCTs tended to have more conservative estimates, since most of the included RCTs reported intention-to-treat analyses. However, the exact definition of intention-to-treat analyses was often unclear or inconsistent between studies. 28 Thirdly, publication bias and selective outcome reporting may be another explanation for the observed discrepancies, particularly since they may affect observational studies more than RCTs. Conducting studies based on protocols predefining the analyses to be performed and making all results available would eliminate this potential source of discrepancies; however, it is not possible to assess to what extent these biases could explain our results. 29 Finally, discrepancies may be due to the presence of biases in observational studies that cannot be accounted by PS methods, such as selection bias, outcome ascertainment bias, immortal-time bias (particularly in studies examining the effects of the timing of interventions), or because of residual confounding; the latter is more of a concern in PS analyses of large administrative databases, in which many important variables may not be captured at all or may be measured with noise. In the presence of such biases, estimates from observational studies cannot be considered valid. However, because the 'true' magnitude of treatment effects is unknowable, critical appraisal of the actual implementation of design and analysis, both for observational studies and for RCTs, is necessary on a case-by-case basis. 30 
Strengths and limitations
The strengths of the present study include the focus on a homogeneous clinical condition (ACS) and selecting studies in which mortality was the outcome of interest. By focusing on diseases for which the existing evidence basis is extensive, our work overcame the limitations in previous studies comparing observational and randomized studies among very heterogeneous clinical conditions. 31 Furthermore, by focusing on mortality as the outcome of interest, we were able minimize the possibility of outcome misclassification and differential ascertainment as potential explanations for any observed discrepancies. Our work has several limitations. The process of matching observational studies to RCTs is inherently subjective. We minimized subjectivity by performing the matching in duplicate and then having a third reviewer with context expertise verify the matching results. In many cases, our criteria for similarity are narrower than the eligibility criteria of several published meta-analyses (for example, we matched studies on ACS subtypes, whereas meta-analyses often considered studies of STE-and NSTE-ACS together), and our results were robust to extensive sensitivity analyses. Our matching algorithm may not be exhaustive; a full systematic review for PS-based studies and RCTs for all ACS interventions is not feasible. Further, the subset of matched observational studies may not be representative of all observational studies using PS methods. Nonetheless, our approach represents a replicable, systematic way for comparing the study designs of interest and covered many commonly used interventions for ACS. We chose mortality as our outcome of interest, a relatively rare outcome for which the treatment effects estimates from RCTs were relatively imprecise. However, mortality is arguably the clinical outcome of primary interest to patients and decision makers, and ascertainment of deaths is also less susceptible to reporting or misclassification biases; as such, estimates of treatment effects on mortality may be the most suitable for systematic comparisons across study designs.
Implications for clinical practice and future research
Our work has important implications for clinical practice and future research, particularly in regard to comparative effectiveness. Observational data that are representative of current clinical practice are becoming increasingly available through several sources, such as prospectively maintained registries or electronic medical record systems. Observational studies using modern design methods such as PS matching may provide an efficient way for evaluating the effects of interventions in typical clinical settings, 32, 33 providing timely decision-relevant information and helping to prioritize which research needs to address with more resourceintensive RCTs.
The suggestion that the results of PS-based analyses and matched RCTs are generally consistent does not mean that decision-makers should uncritically rely on observational evidence, given the indications that the latter overestimate treatment efficacy. Randomization can guarantee that the compared groups are (on average) balanced on both observed and unobserved covariates and that the treatment effect estimates are unbiased. In this regard, RCTs remain superior to observational studies, despite advances in the design and analyses of the latter. Results from wellconducted and analysed observational studies can, however, be judiciously used to supplement insufficient or pending randomized evidence, to inform decisions that are unlikely to be examined in RCTs, and to help set the future research needs agenda.
Supplementary material
Supplementary material is available at European Heart Journal online.
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